This study was conducted to determine if type 1 diabetes is associated with an increased risk of fracture across the life span.
Type 1 diabetes was associated with increased risk of incident fracture that began in childhood and extended across the life span. Participants with type 1 diabetes sustained a disproportionately greater number of lower extremity fractures. These findings have important public health implications, given the increasing prevalence of type 1 diabetes and the morbidity and mortality associated with hip fractures.
Type 1 diabetes is a lifelong condition of insulin deficiency resulting from autoimmune-mediated destruction of the pancreatic b-cells. The incidence of type 1 diabetes is highest during childhood (1) . However, most of the comorbidities and end-organ effects do not manifest until adulthood. Large, multinational registry studies have consistently reported an increasing incidence of type 1 diabetes on the order of 2-5% per year (2, 3) . Improvements in medical care have also allowed patients with type 1 diabetes to live longer. These two factors have resulted in a growing number of patients living with type 1 diabetes who are at risk for the development of diabetes-related complications (4) . There is an emerging awareness that diabetes adversely affects skeletal health and that type 1 diabetes affects the skeleton more severely than type 2 diabetes (5). Studies in humans and animal models have identified a number of skeletal abnormalities associated with type 1 diabetes, including deficits in bone mineral density (BMD) (6,7) and bone structure (8) , decreased markers of bone formation (9, 10) , and variable alterations in markers of bone resorption (10, 11) .
Previous studies and two large metaanalyses reported that type 1 diabetes is associated with an increased risk of fracture (12) (13) (14) (15) (16) (17) (18) (19) . However, most of these studies were conducted in older adults and focused on hip fractures. Importantly, most affected individuals develop type 1 diabetes in childhood, before the attainment of peak bone mass, and therefore may be at increased risk of fracture throughout their life span. Moreover, because hip fractures are rare in children and young adults, studies limited to this outcome may underestimate the overall fracture burden in type 1 diabetes.
We used The Health Improvement Network (THIN) database to conduct a population-based cohort study to determine whether type 1 diabetes is associated with increased fracture incidence, to delineate age and sex effects on fracture risk, and to determine whether fracture site distribution is altered in participants with type 1 diabetes compared with participants without diabetes. THIN is ideally suited to this task, because it provides a valid source of diagnosis and fracture data and has been used to investigate other complications of type 1 diabetes (20) and to characterize fracture incidence in a variety of patient populations across the life span (21) (22) (23) .
RESEARCH DESIGN AND METHODS

Data Source
We obtained data for this retrospective cohort study from the THIN database, an anonymized longitudinal electronic medical records database from the U.K. THIN data collection represents a collaboration between InPractice Systems (London, U.K.), which provides the Vision software used in general practices, and CSD Medical Group (London, U.K.), which provides primary care data for medical research. THIN provides demographic, medical history, biochemical, and prescription data for more than 10 million patients, derived from the daily records of 587 participating practices (24) . Medical diagnoses in THIN are recorded using Read codes, the standard classification system in the U.K. (25) . Data collected from 1994 through 2012 were used for this analysis. The study protocol was reviewed and approved by the THIN Scientific Review Committee and was reviewed by the University of Pennsylvania Institutional Review Board and determined to meet eligibility criteria for institutional review board exemption authorized by 45 CFR 46.101, category 4.
Study Cohort
The study sample was taken from participants 0-89 years of age with acceptable records for research based on checks performed by the data vendor. Exposure to type 1 diabetes was defined by the presence of one or more Read codes specific for type 1 diabetes and the absence of a code specific for type 2 diabetes. Participants were also considered exposed if they had a nonspecific diabetes Read code (e.g., "diabetes mellitus") and were ,35 years of age at the first diabetes code, had a prescription for insulin within 12 months of the first diabetes code, and did not have a prescription for oral or other antidiabetic medication within 12 months of the first diabetes code. THIN participants without any diagnosis codes suggestive of diabetes were considered to be unexposed to diabetes. Each type 1 diabetes participant was matched with up to 10 randomly selected participants without any diabetes codes based on age of diabetes participants (3-year age-groups up to 30 years and 5-year age-groups thereafter) at the start of follow-up, sex, and practice. The final study sample therefore consisted of all THIN participants meeting the criteria for type 1 diabetes and a random sample of matched THIN participants without exposure to diabetes.
To diminish the risk of misclassifying prevalent fractures as incident fractures, the start of the follow-up period for participants was the latest of 6 months after registration with the practice, the date that the practice started using the Vision software, and the date of the first diagnosis code meeting criteria for exposure. Followup for unexposed subjects started on the same date as that of their matched exposed participant. The follow-up period ended with the last collection date for the practice, and subjects were censored at the time of transfer out of their practice, death, or initial fracture event. Because the median observation period was 4.7 years, using age at the start of observation would generate misleading information regarding age-specific hazards. Therefore, the data set had multiple records for 92.8% of the participants, with each record representing the time followed up in a given year of life.
Primary Outcome
The primary outcome of incident fracture was defined as the first occurrence of a diagnosis code consistent with fracture during the study period. Incident fractures were further classified according to anatomic site as follows: vertebral, skull/face, pelvis, rib/thorax, clavicle/ scapula, humerus/elbow, forearm/wrist, hand, femur/hip, lower leg/ankle, and foot. Fractures were coded as multisite if there were codes for two or more sites on the same date and categorized by the site-specific code if a site-specific and a nonspecific code were both entered on the same date. Surgically induced fractures and fractures attributed to birth trauma or metastatic bone disease were excluded. Secondary analyses defining incident hip fracture as the outcome of interest were also performed.
Covariates
Conditions identified by diagnosis codes as covariates of interest were hypothyroidism, hyperthyroidism, adrenal insufficiency, celiac disease, inflammatory bowel disease, vitamin D deficiency, fracture before the start of the follow-up period, diabetic retinopathy, and diabetic neuropathy. All variables, with the exception of prior fracture, were treated as time-varying covariates. Prescription codes were used to assess for an effect of exposure to corticosteroids.
Laboratory covariates analyzed included hemoglobin A 1c (HbA 1c ), which was collected and averaged over the study period, and creatinine, which was used to define the presence or absence of chronic kidney disease (CKD) in participants $18 years. CKD was defined as two creatinine measures consistent with an estimated glomerular filtration rate (eGFR) of ,60 mL/min/ 1.73 m 2 separated by .90 days and treated as a time-varying covariate. eGFR was calculated using the Modification of Diet in Renal Disease study equation (26) . The eGFR could not be reliably calculated in the pediatric population because of a large amount of missing height data, which is necessary for the calculation of eGFR in children. Given the extremely low incidence of CKD in the pediatric population (27, 28) , participants ,18 years were considered unexposed to CKD. BMI within 1 year before the start of follow-up was included; the closest reading to the start of follow-up was analyzed for participants with more than one reading. Participants were considered to be exposed to smoking if they were identified as past or current smokers before the start of follow-up.
Analysis
Standard descriptive statistics were used to report participant and disease characteristics. Continuous variables are reported as median and interquartile range (IQR) and categorical variables as proportions. The x 2 test was used to assess for group differences between proportions.
Cox proportional hazards analysis was used to compare the incidence of fracture in participants with type 1 diabetes to that of matched unexposed participants. Multivariable Cox regression analysis was used to assess confounding by covariates of interest. Final models were stratified by age category (,20, 20-29, 30-39, 40-49, 50-59, 60-69, and $70 years) after age was found to be a significant predictor of fracture and to violate the assumption of proportionality of hazards (using Schoenfeld residuals). Within each age stratum, models were again assessed for proportionality of hazards and further stratified where appropriate. Multivariable Cox regression analyses were also performed in only the participants with type 1 diabetes to determine if higher HbA 1c was associated with an increased risk of fracture. Age was not found to violate the assumption of proportional hazards in these models, so it was included as a continuous variable.
All analyses were performed using Stata 12 software (StataCorp LP, College Station, TX), and a two-sided P value of ,0.05 was used to define significance. To investigate the possibility of misclassification bias, we performed sensitivity analyses using only the participants identified as having type 1 diabetes based on the presence of a diagnosis code specific for type 1 diabetes and excluding participants with a diagnosis code for cystic fibrosis.
RESULTS
Cohort Characteristics
We identified 30,394 participants with type 1 diabetes and 303,872 age-, sex-, and practice-matched participants without diabetes ( During the study period, incident fractures occurred in 2,615 participants (8.6%) with type 1 diabetes compared with 18,624 participants (6.1%) without diabetes. The fracture incidence per 10,000 personyears is shown for each decade of life for males and females in Fig. 1A . The incidence in males was greatest in the 10-to 20-year age bracket, at 297.2 and 261.3 fractures per 10,000 person-years in participants with and without type 1 diabetes, respectively. The fracture incidence in women was greatest in the 80-to 90-year age bracket, at 549.1 and 333.9 fractures per 10,000 person-years in participants with and without type 1 diabetes, respectively. Hip fracture incidence (Fig. 1B) was greatest in the 80-to 90-year age bracket for both sexes, at 76.7 and 59.6 fractures per 10,000 personyears in men and 244.5 and 116.1 fractures per 10,000 person-years in women, for participants with and without type 1 diabetes, respectively.
Fracture Site Distribution
The distribution of fracture site differed for males and females with type 1 diabetes compared with those without diabetes ( Supplementary Fig. 1A) . Fractures involving the lower extremity (hip/femur, lower leg/ankle, foot) comprised a greater percentage of all fractures in participants with type 1 diabetes compared with those without diabetes (31.1% vs. 25.1% in male subjects and 39.3% vs. 32% in females, P , 0.001 for both sexes; Supplementary  Fig. 1B ). Hip fractures alone comprised 5.5% and 11.6% of all fractures in males and females with type 1 diabetes, compared with 4.1% and 8.6% in males and females without diabetes (P = 0.04 for males and P = 0.001 for females). Participants with type 1 diabetes with a lower extremity fracture were more likely to have retinopathy (30% vs. 22.5%, P , 0.001) and neuropathy (5.4% vs. 2.9%, P = 0.001) compared with those with fractures at other sites. The median average HbA 1c did not differ between the two groups.
Cox Regression Models
Crude hazard ratios (HRs) for incident fracture associated with type 1 diabetes are reported in Table 2A and Fig. 2A . Because of a significant interaction between sex, age, and diabetes status, results are presented stratified by sex and age category. Participants with type 1 diabetes had an increased risk of incident fracture for all age categories. The HR ranged from 1.14 (95% CI 1.01-1.29) in participants 0-19 years of age to a maximum of 2.18 (95% CI 1.79-2.65) in participants 60-69 years of age in males and from 1.35 (95% CI 1.12-1.63) in participants 0-19 years of age to a maximum of 2.03 (95% CI 1.73-2.39) in participants 40-49 years of age in females. Sensitivity analyses restricted to the participants with codes specific for type 1 diabetes and without codes for cystic fibrosis (n = 27,698) and their matched unexposed participants (n = 276,915) had a minimal effect on results, altering the HR by less than 5% across all age and sex categories.
Age, history of prior fracture, exposure to corticosteroids, and CKD were all associated with an increased risk of incident fracture in univariate analyses and were included in the final multivariable models. Type 1 diabetes remained significantly associated with an increased risk of fracture after adjustment for these covariates, with minimal attenuation of HRs (ranging from 0 to 8% in males and 0 to 10% in females, across age strata; Table 2A ).
Crude HRs for incident hip fracture are reported in Table 2B and Fig. 2B . Incident hip fracture risk was increased in all age categories for female participants with type 1 diabetes, and in age categories .30 years in men. Age, history of prior fracture, exposure to corticosteroids, CKD, and hypothyroidism (males only) were significant predictors of fracture and were included in the final models. Type 1 diabetes remained significantly associated with fracture after adjustment for covariates in all previously significant sex and age strata, with the exception of women aged 40-49.
Predictors of Fracture in Type 1 Diabetes
Results of multivariable analyses of predictors of fracture within participants with type 1 diabetes are reported in Supplementary 
CONCLUSIONS
This population-based cohort study found that participants with type 1 diabetes of all ages had an increased risk of fracture. In addition, fractures in participants with type 1 diabetes were more likely to involve the lower extremity.
To our knowledge, this is the first study to show that the increased fracture risk in type 1 diabetes begins in childhood. This finding has important implications for researchers planning future studies and for clinicians caring for patients in this population. Although peak bone mass is attained by the end of the third decade of life, peak bone accrual occurs in adolescence in conjunction with the pubertal growth spurt (31). This critical time for bone accrual may represent a period of increased skeletal vulnerability and also a window of opportunity for the implementation of therapies to improve bone formation (32) . This is an especially important consideration in the population with type 1 diabetes, because the incidence of this disease peaks in early adolescence. Three-quarters of individuals will develop the condition before 18 years of age, and therefore before attainment of peak bone mass (33) . The development and evaluation of therapies aimed at increasing bone formation and strength in adolescence may lead to a lifelong reduction in fracture risk. The 6 1 Based on age at study entry. 2 Adjusted for exposure to steroid medication, history of prior fracture, and presence of chronic kidney disease. 3 Adjusted for exposure to steroid medication, history of prior fracture, presence of chronic kidney disease, and hypothyroidism.
4 P , 0.05. 5 P , 0.01. 6 P , 0.001. development of screening guidelines to identify patients of all ages who may be at increased risk of fracture should be considered.
Few of the previous studies assessing fracture risk in type 1 diabetes have looked at all fracture sites. A recent cohort study reported an HR of 1.22 (95% CI 1.1-3.26) for incident fracture at any site in participants with type 1 diabetes in an adult Taiwanese population (18) , and a previous case-control study reported an odds ratio of 1.93 (95% CI 1.82-2.05) for type 1 diabetes in a Danish population (14) . In contrast to our study, the previous reports did not stratify fracture risk by age or sex and did not provide results for the pediatric population.
Most of the previous studies investigating fracture risk in type 1 diabetes have focused on hip fracture in older adults. We found that participants with type 1 diabetes had a markedly increased risk of incident hip fracture compared with those without diabetes.
Although direct comparisons are limited by differences in participant population and methodology, the magnitude of hip fracture risk associated with type 1 diabetes in our study differed compared with previous large cohort studies. Miao et al. (13) reported standardized hospital ratios (observed-to-expected hospitalizations) for incident hip fracture hospitalization of 7.6 (95% CI 5.9-9.6) in males and 9.8 (95% CI 7.3-12.9) in females. This contrasts with a more recent study by Hothersall et al. (17) that reported incident rate ratios for hip fracture of 3.28 (95% CI 2.52-4.26) in males and 3.54 (95% CI 2.75-4.57) in females. The higher risk observed in the Miao et al. (13) study may be attributable to a bias toward the inclusion of more severely affected participants with type 1 diabetes, because only participants admitted to the hospital were classified as exposed. Compared with these previous studies, our findings more completely describe the effects of type 1 diabetes on fracture risk by evaluating all fracture sites in both sexes across the entire age range.
The underlying mechanism for the increased fracture risk in patients with type 1 diabetes is not fully understood. Current evidence suggests that bone quantity and quality may both be abnormal in this condition. Clinical studies using dual-energy X-ray absorptiometry and peripheral quantitative computed tomography have identified mild to modest deficits in BMD and bone structure in both pediatric and adult participants with type 1 diabetes (6, 8, 34) . Deficits in BMD are unlikely to be the only factor contributing to skeletal fragility in type 1 diabetes, however, as evidenced by a recent meta-analysis that found that the increased fracture risk seen in type 1 diabetes could not be explained by deficits in BMD alone (16) . Recent cellular and animal models have shown that insulin signaling in osteoblasts and osteoblast progenitor cells promotes postnatal bone acquisition, suggesting that the insulin deficiency inherent in type 1 diabetes is a significant contributor to the pathogenesis of skeletal disease (35) . Other proposed mechanisms contributing to skeletal fragility in type 1 diabetes include chronic hyperglycemia (36) , impaired production of IGF-1 (37), and the accumulation of advanced glycation end products in bone (38) . Our results showed that a higher average HbA 1c was associated with an increased risk of fracture in participants with type 1 diabetes, supporting the hypothesis that chronic hyperglycemia and its sequelae contribute to skeletal fragility.
Given the morbidity, mortality, and cost to society associated with hip fractures, our additional finding that participants with type 1 diabetes had a disproportionately greater burden of lower extremity fractures compared with those without diabetes also warrants further study. The mechanism for this discrepancy is unclear; however, we identified a higher prevalence of both retinopathy and neuropathy among participants with lower extremity fractures. One possibility is that these diabetes-related comorbidities may lead to a greater number of falls, which could affect the lower extremities disproportionately.
A major strength of our study is the large sample size that encompassed the entire age range. This allowed stratification by sex and age-group to more comprehensively evaluate the effect of type 1 diabetes on fracture risk compared with previous reports. In addition, the use of an outpatient electronic medical records database to define exposure and outcome provides a more representative sample than might be obtained using inpatient hospital databases. The latter strategy could overrepresent fractures in type 1 diabetes by virtue of the tendency toward inpatient management of these more complex patients.
Our study is limited by an inability to explore for an effect of racial/ethnic group, falls, or diabetes duration on fracture risk because these data are not available in THIN. We could not directly assess for an association between hypoglycemia and fall-related fractures. If hypoglycemia was a major contributing factor, we might have expected a negative effect of HbA 1c on fracture risk; our data indicated the opposite. The effects of BMI on fracture risk may not be fully captured in our analyses because a considerable amount of BMI data were missing, especially in unexposed participants. It is possible that we underestimated the prevalence of CKD by assuming all participants ,18 years of age were unaffected; however, the incidence of CKD in childhood is quite low, as evidenced by the fact that there are no cases of type 1 diabetes leading to CKD in the nearly 900 individuals enrolled in the Chronic Kidney Disease in Childhood cohort study (personal communication, S. Furth). Likewise the prevalence of retinopathy and neuropathy in our cohort may be underestimated because our study only included codes specific to diabetes.
Our study may also be subject to misclassification bias because some participants identified as having type 1 diabetes may actually have type 2 diabetes. Given that previous studies have shown that type 2 diabetes has less of an effect on fracture risk than type 1 diabetes (15, 16) , misclassification in our study would likely bias results toward the null. Sensitivity analyses using stricter definitions of type 1 diabetes did not appreciably alter our results, suggesting that our initial strategy was reasonable.
We did not investigate the effect of bisphosphonates therapy on fracture risk due to concerns about confounding by indication. A previous meta-analysis found no difference in the relationship between bisphosphonate use and fracture risk in participants with and without diabetes (39) . The potential therapeutic role for bisphosphonates in the management of skeletal fragility related to type 1 diabetes is not known and warrants future study. In summary, our study found that participants of all ages with type 1 diabetes were at increased risk of fracture. The adverse effect of type 1 diabetes on the skeleton is an underrecognized complication that is likely to grow into a significant public health burden given the increasing incidence and prevalence of this disease. Further research is needed to elucidate the natural history and pathophysiology of skeletal fragility in type 1 diabetes. Our novel finding that children with type 1 diabetes were already at increased risk of fracture suggests that therapeutic interventions aimed at children and adolescents may have an important effect on reducing lifelong fracture risk.
